INTRODUCTION
There has been a longstanding interest in the mechanism of placental aromatase since the discovery of this enzymic activity by Meyer in the 1950s (Meyer, 1955a,b) . This cytochrome P450 enzyme system catalyses the conversion of steroidal androgens [testosterone (la, Scheme 1); androstenedione (lb)] to steroidal oestrogens [oestradiol (4a) ; oestrone (4b)]. Interest in the aromatase mechanism has been generated from two main sources. Because of the well-proven role of oestrogens in promoting some forms of neoplastic growth, a vigorous effort to design aromatase inhibitors rationally has been undertaken (Brodie, 1985) . This effort has resulted in several promising compounds (Johnston & Metcalf, 1984) , although for most of these their detailed mode of action remains unsolved. Furthermore, the chemical uniqueness and complexity of the aromatase reaction has provided a strong enticement for mechanistic enzymologists.
Several mechanistic features of the aromatase-catalysed reaction have been established. Three oxidative steps are involved, each apparently requiring one molar equivalent of NADPH and molecular oxygen (Siiteri & Thompson, 1975 ) (see Scheme 1). The first two steps are stereospecific hydroxylations at the C-19 methyl group of the androgen (Arigoni et al., 1975; Osawa et al., 1975; Caspi et al., 1986) . (2) is initially formed and then converted into the 19-al (3), presumably after stereospecific dehydration of the corresponding gem-diol (Beusen et al., 1987) . (3) is oxidatively converted into oestrogen (4) and formic acid. One of the original C-19 methyl H atoms (Caspi et al., 1986 ) and the first and third equivalents of02 consumed are recovered in the formic acid (Akhtar et al., 1982) . On the basis of the work of Fishman, Brodie and co-workers the 1, and 2/?-H atoms have been considered to be stereospecifically lost to the aqueous medium (Brodie et al., 1969; . The notion that one cytochrome P450 enzyme carries out all three oxidative steps, and that 19-ol (2) and 19-al (3) are true intermediates, has been strongly substantiated by the recent progress in aromatase purification (Kellis & Vickery, 1987a) . Furthermore, androstenedione (lb), testosterone (la) and 16az-hydroxytestosterone are all direct substrates for aromatase, with similar catalytic centre activities (kcat values), but widely different Km values (Kellis & Vickery, 1987a) . The most definitive work in this regard was performed by Simpson and co-workers, who have recently cloned and expressed the human placental aromatase cDNA in COS cells (Corbin et al., 1988) . They showed that one protein catalyses all three oxidative steps. Furthermore, they find no evidence for more than one human aromatase gene (Means et al., 1989) .
One of the major unanswered questions about aromatase concerns the nature of the third oxidative step. Proposals suggesting 4,5-epoxidation (Morand et al., 1975; Mastalerz & Morand, 1982) , Baeyer-Villiger-type oxygen insertion (Akhtar et al., 1982) and 2fl-hydroxylation (Hahn & Fishman, 1984; Caspi et al., 1984) have all been shown to be unlikely, although the results obtained by Caspi et al. (1984) (Fishman & Hahn, 1987) . Recently, Watanabe & Ishimura (1989) have proposed 10,l-hydroxyoestr-4-ene-3,17-dione formation, in spite of earlier work which showed that this compound is not processed by aromatase (Townsley et al., 1966; Covey et al., 1984) . Of the remaining leading candidates, one was originally proposed by Akhtar et al. (1976) and restated in various forms (Akhtar et al., 1981; Stevenson et al., 1985) , most recently as a radical mechanism (Stevenson et al., 1988 Montellano, 1986) . It can be argued in the case of aromatase that the electrophilic aldehyde would be intercepted by the reactive ferric peroxide before the latter had a chance to fragment to the iron oxo species. Akhtar and co-workers have discussed the potential generality of this theory to rationalize the mechanisms of several cytochrome P-450 desmolases (Stevenson et al., 1988) . Previously, we synthesized steroidal 4-ene-3-one analogues of the Akhtar peroxide intermediate (Cole & Robinson, 1986) . No oestrogen products could be detected under a variety of different non-enzymic conditions. In contrast, reaction of peroxides with a 2,4-dienol-19-oxo compound (6) led to the formation of the corresponding oestrogen derivative in high yield (Cole & Robinson, 1988) . Presumably this non-enzymic aromatization results from more facile 1/1-H removal (and carbon-carbon bond cleavage) in that an aromatic product is directly produced (Cole & Robinson, 1988 
Microsomal preparations
Human placentas obtained immediately after Caesarean delivery were placed on ice and all of the following procedures were done at 4°C (Ryan, 1959) . The cotyledons were dissected away from the fetal membranes from one placenta, and the former (-200 g) were washed with ice-cold potassium phosphate buffer (150 mM-KCl/50 mM-potassium phosphate/I mM-EDTA, pH 7.3; 400 ml). The washed cotyledons were minced with scissors, suspended in 3 vol. of cold phosphate buffer, and homogenized in a Waring blender in portions for 2 min total at medium speed (with care to assure the mixture stayed cold). The combined homogenates were centrifuged at 16000 g for 15 min at 4 'C. The combined pink supernatants were filtered through double-layered cheesecloth to give about 700 ml. The filtrate was then centrifuged at 120 000 g in portions for 45 min at 4 'C. The pellets were then resuspended in 200 ml of cold potassium phosphate buffer (as described above) using a Dounce homogenizer (ten complete strokes) and the resulting mixture was centrifuged at 120000 g for 45 min at 4 'C. The washing process was repeated on the new pellets with homogenization and centrifugation performed identically. The near-colourless supernatant was discarded and the combined pellets were resuspended by Dounce homogenization in the minimum amount of cold phosphate buffer (about 20 ml) and stored in 2 ml cryotubes at -78 'C until needed. No loss in activity was detected after several months.
Protein assay
Protein was determined by using the BCA assay (Smith et al., 1985) , with bovine serum albumin as standard. Batch-l (microsomes from the first preparation) contained about 39 mg of protein/ml. Batch-2 (microsomes from the second preparation) contained about 30 mg of protein/ml. Total protein recovered was about 900 mg/placenta.
Enzyme activity assay
The microsomal aromatase activity was measured by a modification of the 1,/-3H-release assay described by Tochigi et al. (1986) and Thompson & Siiteri (1974a,b) The THP derivative (7) (Cole & Robinson, 1988) the colour of the mixture turning from orange to brown. T.l.c. indicated that the reaction was complete, and the mixture was directly flash-chromatographed (0.5 g of SiO2, 3 ml of dichloromethane, followed by 1O ml of 75 % ethyl acetate in hexanes) to afford clean 17-ketone (3b) (Rao & Axelrod, 1962) The 17fl-ol (5a) (2.7 mg, 0.00891 mmol) was dissolved in 1 ml of dry dichloromethane and pyridinium chlorochromate (15 mg, 0.070 mmol) was added and the reaction was allowed to proceed and worked up as described above to afford 17-ketone (5b) (2.48 mg on the basis of u.v., 0.0824 mmol, 92 % yield), which appeared pure (by h.p.l.c. and t.l.c. 
Enzymic transformations of labelled androgens
Reactions were allowed to proceed in open 25 ml Erlenmeyer flasks, and reaction volumes were 10 ml total (pH 7.4; 5 mmdithiothreitol, 100 mM-KCI, 1 mM-EDTA, 10 mM-potassium phosphate, 0.0015 mmol of androgen substrate in 0.2 ml of ethanol; -60 mg of microsomal protein was used to initiate) (Morand et al., 1975; Caspi et al., 1986) . Those reaction mixtures with an NADPH-regenerating system contained 0.04 mmol of NADPH, 56 units of glucose 6-phosphate dehydrogenase and 0.4 mmol of glucose 6-phosphate. The Batch-2 reactions were 4 mm in NADP and 1 mm in NADPH, and the glucose 6-phosphate dehyrogenase as well as the glucose 6-phosphate were omitted. Reactions were allowed to proceed for 60 min at 37°C before the reaction mixtures were transferred to separation funnels containing 100 ml of water and 200 ml of dichloromethane and shaken. The organic phases were dried (over anhydrous Na2S04) and concentrated in vacuo. T.l.c. at this stage revealed complete disappearance of starting material in those reaction mixtures that contained NADPH and the absence of oestrogen product in those reaction mixtures that lacked NADPH. Purifications were done using flash chromatography [0.5 g of SiO2, 33 % ethyl acetate in hexanes to recover labelled oestradiol (8a); 75 % ethyl acetate in hexanes to recover labelled 19-oxotestosterone (5a); 50 % ethyl acetate in hexanes to recover labelled 19-oxoandrostenedione (5b); and 25 % ethyl acetate in hexanes to recover labelled oestrone (8b)]. Yields were determined by u.v. and reported in Table 3 (below). Both 'H n.m.r. (400 MHz) and e.i.m.s. were used to measure the 2H levels in the products (see Table 3 below). The n.m.r. 'H levels represent specific quantities at C-2 compared with the proton signal integration at C-1 and C-4. Reaction mixtures containing NADPH were incubated in duplicate and the results were averaged.
Enzyme transformations on unlabelled androgens
These transformations were performed as described above, except on half the scale. In addition, products were quantified by analytical h.p.l.c. after filtration through silica. Oestrogens were best separated and observed by using 25% ethyl acetate in hexane with u.v. detection at 280 nm [flow rate 1 ml/min; retention times were about 17 min for oestradiol (4a) and 9 min for oestrone (4b)]. 19-Oxoandrogens were best separated and observed by using 60 % ethyl acetate in hexanes with u.v. detection at 254 nm [flow rate 1 ml/min; retention times were about 9 min for 19-oxoandrostenedione (3b) and 16 min for 19-oxotestosterone (3a)]. Any changes in the reaction parameters from the standard labelled reactions are noted in the Tables (see  Tables 4 and 5 below) .
RESULTS AND DISCUSSION
In order to investigate enzymic enolization, we undertook the synthesis of 19-oxo[2f-_H]testosterone (5a). We envisaged the 2,4-dienol compound (6) (Fig. 2) to be a direct precursor of the desired testosterone derivative (5a). Furthermore, we had previously prepared the dienol compound (6) (Cole & Robinson, 1988 ) from the conjugated ketone precursor (7) by using tbutyldimethylsilyl triflate and collidine. It is well known that enols of steroid 3-ketones are preferentially protonated on their axial face (Kirk & Hartshorn, 1968) . This preference has been exploited in several preparations of 'H-labelled steroids in the past, in particular by Brodie et al. (1969) It should be mentioned that n.m.r. assignment of the A-ring hydrogen atoms of 19-oxotestosterone (3a) [and 19-oxoandrostenedione (3b)] proved somewhat challenging (see the Materials and methods section). A combination of decoupling, difference n.O.e., and HOMO2DJ experiments performed on a 400 MHz spectrometer strongly supported the stereochemical assignments. In addition, a 600 MHz 'H n.m.r. spectrum ultimately confirmed the assignments and completely resolved peak overlap (see Fig. 1 ). (Al-Rawi et al., 1976; Pollack et al., 1989) . We attribute this chemical-shift peculiarity to a possible shielding effect of the 19-aldehyde group on the 2,/-H atom. It should be emphasized that the coupling constants and n.O.e. data are consistent with a normal half-chair A-ring structure for both 3a and 3b. Enzyme experiments were performed as follows. The labelled material (5a; 0.450 mg) was incubated with placental microsomes (-60 mg of protein) in 10 ml of buffer at 37 'C for 60 min. The activity of the microsomes, measured by using a 1#-311-release assay (Thompson & Siiteri, 1974a,b; Tochigi et'al., 1986) , 1989 ). Alternatively, the oxidation level of the haem iron might need to be adjusted to bring the base into the proximity of H-2. Either case would be very difficult to confirm. Thus the lack of exchange, which may be regarded as weak evidence against an active-site base near H-2, should not be over-interpreted.
We did obtain an unexpected and provocative result, however. The oestradiol (8a) that was recovered retained nearly half of the initial 2H content [ Table 3 , Entry (1)]. Because Brodie, Fishman and co-workers had shown that aromatase specifically removes the 2fl-H atom in its processing of androstenedione (lb) (Brodie et al., 1969; , we were very surprised by such a large 2H retention. We were reasonably sure that our stereochemical assignment was correct. Furthermore, little, if any, epimerization of the starting material presumably took place during the reaction, since in the absence of NADPH the starting material was recovered unchanged (n.m.r., m.s.). During the course of the present study, Fronckowiak & Osawa (1988) presented preliminary data indicating that [2/J_-3H]testosterone had shown incomplete stereospecificity with aromatase compared to [2/J-3H]androstenedione. They did not directly analyse the 3H placement by n.m.r., however. Furthermore, these workers extrapolated stereochemical conclusions from a precursor two steps away from the third oxidative step. Consequently, they were not in a position to define rigorously the stereospecificity of the third step. For example, epimerization and/or 3H exchange could occur in the 19-Me (1), 19-OH (2) and 19-oxo (3) intermediates and go undetected. Because of its critical importance to the aromatase mechanism, we decided to explore this issue in more detail.
After demonstrating that unlabelled 19-oxotestosterone (3a) could be oxidized in high yield (93 %) to 19-oxoandrostenedione (3b) with pyridiniun chlorochromate (PCC), we converted the [2/_-2H 19-oxotestosterone (5a) to [2f_-2H] 19-oxoandrostenedione (5b) under similar conditions. We chose PCC as an oxidizing agent since it is a weak acid (Corey & Suggs, 1975) and should minimally effect the 2H content at C-2. Indeed, the n.m.r. and m.s. data [Table 1, Entry (2)] were consistent with little 2H exchange or C-2 epimerization in the oxidation. Furthermore, reaction of 5b with placental microsomes in the absence of NADPH, as described above, led to good recovery of starting material (5b) (67% after flash chromatography), again with negligible 2H loss or epimerization [ Table 3 , Entry (5)]. In the reaction of 5b with NADPH (the experiment was performed in duplicate), the major product, surprisingly, was labelled oestradiol (8a) (61 + 4 % yield after flash chromatography), along with a small amount of labelled oestrone (8b) (16 +1 % yield, percentage of 2H not determined).
The presence of 17,8-hydroxysteroid dehydrogenase activity (in oestrone/oestradiol interconversion) in placental microsomes has been previously established (Guller et al., 1986; Blomquist et Table 3 . 2H levels and yields of oestrogens or recovered starting materials from incubations of 2I-2H19-oxosteroids (5a and 5b) with human placental aromatase Experiments were performed as described in the Materials and methods section using the substrates described in Table 1 . All reactions were done with Batch-1 microsomes, except for Entry (4). The errors listed represent the spans of duplicate runs. The small differences (about 4 %) between m.s. and n.m.r. 2H levels for Entries (1), (3), and (4) probably reflect traces of non-specifically-incorporated 2H not observed in the n.m.r. spectra. Entry M.s.
'H n.m.r.
Yield (%,/) (Brodie et al., 1969; (1) 0 mM-Steroid substrate, 2 mM-NADPH, regen.
(2) 3a, 0 mM-NADPH,NADP+ (3) 3b, 0 mM-NADPH, NADP+ (4) 3a, 2 mM-NADP+ (5) 3a, 2 mM-NAD' (6) 3bt, 2 mM-NADPH, regen.
(7) 3b, 1 mM-NADP+, 1 mM-NADPH (8) t 'x' indicates below the limits of detection of t.l.c. t NADPH-regenerating (regen.) system used; average of two runs. § NADPH-regenerating system used, 4 h reaction time.
ratios produced by the two placental preparations using compounds 3a and 3b. The results from h.p.l.c. assays are shown in Table 5 . There were significant differences for both 19-oxotestosterone (3a) and 19-oxoandrostenedione (3b) (Corbin et al., 1988; Means et al., 1989) argue for one enzyme (see above). Although large differences between apparent 17fl-hydroxysteroid dehydrogenase levels may occur in different microsomal preparations, the dehydrogenase reaction may still be slow compared with the aromatization rate, as it appeared to be in our cases. We infer from these studies that 2-H loss from the 3-ketone is probably enzyme-mediated for both 19-oxoandrogens (3a and 3b) or some subsequent short-lived intermediates. The fact that the stereoselectivity of 2-H abstraction for compound 3a is so low may seem surprising, as enzymes are generally considered to be stereospecific. On the other hand, other steroid-enolizing enzymes known to involve active-site general bases have been shown to be non-stereospecific with respect to proton abstraction (Smith & Brooks, 1977; Viger et al., 1981) . The experimental solution n.m.r. data for 3, as well as theoretical studies for compounds 3, 1 and 9, suggest similar A-ring conformations for these compounds regardless of 17-ketone versus 17,8-hydroxy functionality. The intrinsic 2-H reactivity of these compounds with buffer would therefore not be expected to show dependence on the presence of a 17-ketone or 17fl-hydroxy group. We believe that the enzyme probably binds the 17-ketone group sufficiently differently from the 17f8-hydroxy group so that the active-site base is located in a different relative position vis-ai-vis C-2 for the two substrates. The timing of 3-ketone enolization with respect to H-,fl bond cleavage has still not been determined, although we are tempted to favour enolization before, or accompanying, H-1,i cleavage, because of the model reaction studies discussed above (Cole & Robinson, 1988) . On the basis of the work of Fronckowiak & Osawa (1988) with 19-methyl substrates, it seems probable that 19-oxoandrogens are processed similarly to 19-methylandrogens with respect to H-2 selectivity. This lends further support to the notion that 19-oxoandrogens are not just aberrant metabolites, as has previously been suggested (Kelly et al., 1977; Bednarski & Nelson, 1989) . It should also be mentioned that an interesting aromatase-catalysed metabolic switching phenomenon was observed to be quite different for [19- 'H]androstenedione versus [19-3H] testosterone (Osawa et al., 1987) . This may also relate to a subtle difference in active-site binding between the two substrates.
Finally, these experiments cast further doubt on the theory that 2fi-hydroxylation is the obligatory aromatase third step (Hahn & Fishman, 1984; Caspi et al., 1984) , since much of the 17/?-hydroxy substrate undergoes 2a-H removal during aromatization. Cytochrome P-450 hydroxylation reactions generally occur with retention of configuration, and the aromatase haem iron is thought to be positioned over the top of the A-ring near C-19 (Kellis & Vickery, 1987b; Kellis et al., 1987) . Thus ironoxo-catalysed 2a-H removal, which would be required as part of the 2,J-hydroxylation theory, seems improbable.
